Millions of Australians live in a 1500 km stretch of coastal catchments in southeast Australia. Major flooding in this region causes death, economic loss and major disruptions to the lives of its inhabitants. Concerns have been raised that anthropogenic climate change might lead, or has already led, to an increased risk of extreme rainfall and associated flooding. Images of flooding commonly appear in the media, fuelling perceptions that flood frequency has already increased. Here we use a new dataset that allows us to estimate reliable trends over much longer periods than has previously been the case. The statistical significance of the trends is assessed using a method that is suitable for the non-Gaussian, serially correlated flood frequency data. We identify a statistically significant, increasing trend in the frequency of major floods since the late 19th century, which contributes to a 50% increase in frequency. While possible reasons for the increase are discussed (e.g. land use change, anthropogenic climate change, natural climate variability), further research is needed to clarify the relative importance of possible contributors.
Introduction
Concerns have been raised that anthropogenic climate change might increase-or might have already increased-the risk of flooding in some locations in Australia (Reisinger et al. 2014 ) and beyond (IPCC 2014) . Concerns are further fuelled by an increased coverage of flooding in the media (Kundezewicz et al. 2012) . Unfortunately, there is low confidence in the scientific community regarding even the sign of observed changes in flood frequency in many places, as flood records in many parts of the world are often sparse in space, and short or interrupted in time (Callaghan and Power 2014 , Bates et al. 2008 , Seneviratne et al. 2012 , Kundzewicz et al. 2014 . It is therefore important that flood records around the world be improved and extended back as far as possible using instrumental and other historical records (Kundzewicz et al. 2014) .
Given the vulnerability of the region to flooding and the need to improve the documentation of flood trends, it is fortunate and timely that Callaghan and Power (2014) recently described a new uninterrupted record of major flood frequency for a continuous 1500 km stretch of coastal catchments in southeast Australia. The population in this region is growing rapidly and this growth is driving very strong urban development. Major flooding is a major hazard in this region. For example, floods in June 1852 caused at least 90 deaths, while 25 people died during the Brisbane River catchment floods in January 2011 (Callaghan and Power 2014) .
Figure 1
The study region. Map created using the Interactive Data Language (IDL) 383 software, IDL Version 8.1 EULA http://www.exelisvis.com/Portals/0/pdfs/eula/IDL_81_EULA_2012.pdf
In an attempt to produce homogeneous records of major flood frequency, Callaghan and Power (2014) restricted attention to the period from 1860, when the region (i) is extensively populated, (ii) has extensive coverage of meteorological stations, (iii) is extensively connected by telecommunication, and (iv) has a busy coastal shipping offshore. In this paper we first extend the dataset described previously, to include more recent years, and we examine trends in the frequency of major floods.
Previous research indicates that there is a great deal of variability in eastern Australian streamflow, flooding and flood risk on interannual (Chiew et al. 1998 , Power et al. 1999 , Kiem et al. 2003 , Verdon et al. 2004 , Power and Callaghan 2016 , and decadal/multidecadal timescales (Power et al. 1999 , Franks 2002 Kiem et al. 2003, Power and Callaghan 2016) . Much of the interannual variability is due to the El Niño-Southern Oscillation (Chiew et al. 1998 , Power et al. 1999 , Kiem et al. 2003 , Verdon et al. 2004 , Kiem et al. 2001 , 2003 , Pui et al. 2011 , Power and Callaghan 2015 . Much of the decadal/multidecadal variability is due to the Interdecadal Pacific Oscillation (IPO; Chiew et al. 1998 , Power et al. 1999 , Franks 2002 , Kiem et al. 2003 , Verdon et al. 2004 , Franks and Kuczera 2002 , Henley et al. 2015 , Micevski et al. 2006 , Christensen et al. 2013 , Kiem and Verdon-Kidd 2013 , Power and Callaghan 2016 .
The importance of the IPO to flood variability means that even multidecadal data might not be long enough to estimate longer-term trends. The availability of the new dataset is therefore useful because it allows us to determine reliable flood trends over much longer periods than has been possible in Australia previously. Callaghan and Power (2014) 
Methods

Updating the dataset
ENSO years
In this paper we use 'ENSO years', defined here as the period May in one year to April in the following calendar year. This choice reflects the typical life-cycle of ENSO events (i.e. both El Niño and La Niña events), which tend to grow mature, erode and end within this period (Power and Smith 2007) . We use the first year in the period to refer to that period, so that '1860', for example, is used to refer to the period April 1860-May 1861. The analysis described covers the period 1860-2013.
Assessing the statistical significance of trends
The statistical significance of trends is tested using two different methods. Both methods take serial correlation into account. The first method is described by Power et al. (1998) . This method is ideally suited to red or white noise data that are normally distributed. The relative frequency of the major flood data (Figure 2a ) deviates from this assumption and so an additional test on statistical significance is conducted. The second approach is a Monte Carlo method that incorporates information on both the relative frequency of the data, and its temporal persistence. The first datum (the randomly generated number of major floods in the first year, i.e., 1860) is generated by randomly selecting from the relative frequency distribution of the major flood data for the period 1860-2013 presented in Figure 2a . In order to incorporate persistence in the synthetic data, subsequent data is randomly selected from one of three additional relative frequency distributions (Figure 2b) . These three distributions are also based on the observational data. However, each depends on the number of major floods in the previous year. The first distribution is based on the number of floods in years immediately preceded by years with zero or one floods. The second distribution is based on flood data in years immediately preceded by years with two or three floods. The third and final distribution is based on the number of floods in years immediately preceded by years with four or more floods. The (i) first, (ii) second, or (iii) third distribution is used to generate the number of major floods in a given year if the randomly generated number of major floods in the preceding year is (i) zero or one, (ii) two or three, or (iii) four or more, respectively.
Three thousand randomly selected artificial timeseries of major flooding for the period 1860-2012 are generated in this way. The average value of the autocorrelation coefficient of the simulated data at a one-year lag is 0.15, which compares favourably with the observational value of 0.14. The magnitude of the observed trend in major floods over the period 1860-2012 is only simulated in less than or equal to 2% of cases, giving a p-value of 0.02. This compares favourably with the p-value obtained using the 'first' method (i.e., 0.04, Table 1 ).
This entire approach, beginning with a re-calculation of all four of the relative frequency distributions, was repeated for the periods 1890-2013 and 1900-2013.
The significance of the results is expressed as a p-value. The p-value is equal to the estimated probability that the magnitude of the observed correlation coefficient can be exceeded in magnitude by chance, under the assumption that the data can be approximated as a red-noise process (Power et al. 1998) . Trends with p-values less than or equal to 0.05 are referred to as 'statistically significant'.
Figure 2
Relative frequency of major floods (proportion of years): (a), 1860-2013, (b) for three different subsets of the data. The three distributions in (b) are used in the Monte Carlo tests for statistical significance, to help incorporate observed temporal persistence. The first distribution (black) is based on the number of major floods in years immediately preceded by years with zero or one major floods. The second distribution (dark grey) is based on major flood data in years immediately preceded by years with two or three major floods. The third and final distribution (light grey) is based on the number of major floods in years immediately preceded by years with four or more major floods.
Results
The number of major floods per year (Figure 3 ) varies between a minimum of zero and a maximum of six. There is a good deal of variability from year-to-year, decade-to-decade and on longer timescales.
An increasing trend is also evident. The numerical value of linear trends in the number of major floods for three different periods-(a) 1860-2013, (b) 1890-2013, and (c) 1900-2013-are given in Table 1 . These different periods are considered because they correspond to (a) the full length of the dataset, (b) a period for which we have confidence in the homogeneity of the dataset, and (c) a period for which we have high confidence in homogeneity, and extreme rainfall analyses are available for comparison.
There is a statistically significant (i.e. p-value ≤ 0.05) increasing trend in major flood frequency over the full period. This is true for two different estimates of statistical significance, both of which take serial correlation into account. The trends are large compared with the long-term average. For example, the 1860-2013 trend is 0.6 major floods/century, while the long-term average over the same period is 1.6 major floods/year. This trend contributes to a marked increase in the longterm average value from 1.3 major floods/year in the first half of the record to 2.0 major floods/year in the second half, a 50% increase. Table 1 Trends (per century) in the frequency of major floods, for three different periods. The p-values (given in brackets) are estimated using the two different techniques. The first figures in brackets are obtained using the technique described by Power et al. (1998) , the second figures using the Monte Carlo technique outlined in Section 2. All trends are statistically significant. Callaghan and Power (2014) used rainfall data to help identify many of the major floods. The spatial coverage of such data is more limited in the early part of the record, and this can lead to inhomogeneity in the ability to detect major floods. By 1890 the coverage of rainfall stations in the study region is much improved, and so trends for the period 1890-2013 are also shown. The sign of the trend remains the same, and the trend remains statistically significant (Table 1 ).
An increasing trend in the frequency of major flooding can occur if there is an increase in the frequency of extreme rainfall events. The trend in (a) 99th percentile daily rainfall amount (mm/century) at stations over Australia is presented in Figure  4a for the period 1900-2013. The stations used all have high quality daily rainfall records of sufficient quality, completeness and length to calculate reliable trends. The overwhelming majority of sites in the study region show increasing trends, and all but one of the sites closest to the coast show an increasing trend. Trends in the highest amount of daily rain received each year (Figure 4b ) are also positive in the majority of sites in the study region. Note that the rainfall records used in Figure 4 are relatively sparse, and both 99th percentile rainfall and highest daily rainfall in each year both occur much more often (i.e. are often less extreme) than the rainfall associated with the major floods we consider. The trends depicted in Figure 4 are nevertheless generally-though not entirely-consistent with the hypothesis that an increase in the amount of rain falling during extreme events contributed to the increasing trend in the frequency of major flooding. This is further supported by the fact that the trend in major flood frequency over the same period as the rainfall data (i.e. 1900-2013) is statistically significant (Table 1 ).
An increasing trend is consistent with the conclusion that extremes of intense precipitation, over various time intervals, are increasing in more places around the globe than not (e.g. Donat et al. 2013 ). An increase in the proportion of heavy rainfall has also been detected over Australia (Braganza et al. 2015) . The fraction of Australia receiving a high proportion (greater than the 90th percentile) of annual rainfall from extreme rain days (greater than the 90th percentile for 24 hour rainfall) has been increasing since the 1970s (Gallant et al. 2013 ). However, significant regional variability exists (Braganza et al. 2015) . For example, an eastern section of NSW and Queensland, with some overlap with the study region we use, experienced a significant decrease in extreme (99th percentile) rain events since 1950-2005 (Gallant et al. 2014 ).
These previous studies use shorter periods than we do. They also examine changes in events that occur more frequently than major flooding in a given region. For example, the most extreme index used in these previous studies (e.g. by Gallant et al. 2013) , for example, is a 99th percentile. Thus on average approximately 3.6 such events occur each year at every location. So in 150 years-the approximate length of data we analysed-this gives 540 events at every location. On the other hand, the number of major floods that occurred in the Brisbane/Gold Coast/Tweed River region, for example, was approximately 65 over the same period. This is approximately an order of magnitude less frequent than a 99th percentile rainfall event. We are therefore examining events that are rarer, and very likely much rarer, than previous researchers.
Figure 4
Trend in (a) total rainfall above the 99th 
Discussion
Various factors can contribute to long-term trends in flood records (Bates et al. 2008 , Kundzewicz et al. 2014 , Sereviratne et al. 2012 ). For example: (1) changes in our ability to detect major floods over time;
(2) naturally occurring climatic vari-ability on multidecadal and longer timescales; (3) a possible increase in the intensity and frequency of rainfall extremes in response to anthropogenic warming of the planet (IPCC 2013, IPCC 2014); (4) urbanisation giving rise to greater runoff; and (5) from dams and engineering activity specifically aimed at reducing flood risk. Other factors that can potentially affect major flooding include (6) bushfire, (7) deforestation, (8) afforestation and (9) other land-use change in catchments.
We will now consider the contributions these factors might have made to the observed, statistically significant increase in the frequency of major floods over 1860-2013, 1890-2013, and 1900-2013, beginning with (1) , that is, changes in our ability to detect major floods over time.
The availability of the National Library of Australia newspaper archive provides an efficient and effective mechanism to identify major floods that occurred from 1860. However, inhomogeneity could arise if major floods were not reported in the newspapers. These days, major floods are always reported in newspapers. Major floods in the early years were also highly newsworthy because they tended to have a greater impact than in more recent years for several reasons. First, roads and bridges were far inferior to roads and bridges today, and they were more often located at lower levels near riverbanks. They were consequently more likely to be cut, and to be cut earlier on, when major floods occurred, causing disruption. Second, settlers resided near riverbanks because water was plentiful and the alluvial soil was good for cropping. This resulted in large numbers of drownings when major floods occurred (Callaghan and Power 2014) . This continued through to the Depression, when poor families moved to riverbanks and lived in tents. These impacts and their newsworthiness increased the likelihood that the major floods were reported in newspapers at the time. Callaghan and Power (2014) also went to a great deal of trouble to maximise the homogeneity of the record of major floods. They increased the likelihood that the major floods were reported by restricting attention to a period and location (i) that is extensively populated, (ii) has an extensive coverage of meteorological stations, (iii) is extensively connected by telecommunication, and (iv) when there is busy coastal shipping offshore (as noted above). They located all available river height records and augmented this with additional events identified in newspaper reports.
In order to identify major floods over and above those in official river height records they conducted a search and analysis of other information sources. They first noted the occurrence of major weather systems in the study region identified previously (Public Works Department 1985, Callaghan and Helman 2008) . They then examined rainfall records, as well as newspaper reports archived in the Australian National Library. The latter included official reports from the Chief Astronomer and Chief Meteorologist or official government observers in remote areas at the time. This allowed Callaghan and Power (2014) to ascertain whether or not major flooding occurred in association with these weather events, or if major floods might have occurred in cases where corresponding river height information was incomplete or unavailable. They also identified additional major weather events not listed previously. Callaghan and Power (2014) were therefore able to develop a record of the occurrence of major weather for every day impacting the region back to 1860. They then examined rainfall records for each of these days and then newspapers for all of these days they found to have extremely high and widespread rainfall.
This process revealed floods associated with extremely high rainfall over a broad area and/or widespread flood damage. Callaghan and Power (2014) therefore included these events in their list of major floods. They identified a total of 253 major floods between 1860 and 2012. Of these 191 have river height records while the remaining 62 were 'proxies'. While great care was taken, the partially subjective nature of the process means that there is no guarantee that all major floods have been included or that all of the events included were actually major floods. In fact Callaghan and Power (2014) identified additional events in which major flood events might have occurred, but as the evidence was not as strong they did not include them in their analysis. It is interesting to note that the frequency of such events increased markedly over time.
In fact there were only 17 such events during 1860-1950, but 62 events during 1951-2012 . So if such events were included in our analysis they would actually strengthen the increasing trend, not weaken it.
Information in the last two paragraphs increases confidence (i) in the detection of major floods by Callaghan and Power (2014) , and (ii) that the increasing trends across the region over 1890-2013 (and 1900-2013) are genuine and do not merely reflect an increase in our ability to detect major floods.
The increase in flood frequency will have a contribution from (2) naturally occurring climate variability and possibly from (3) increases in the frequency and intensity of rainfall extremes in response to anthropogenic warming (Reisinger et al. 2014 , IPCC 2013 , IPCC 2014 , Whetton et al. 2014 . Projected increases in extreme rainfall over Australia (and elsewhere) tend to be larger and more robust the more extreme the rainfall index used (Whetton et al. 2015) . Given that we are exam-ining events that only occur once every two-to-three years or so on average in a particular region, we are looking at events that are certainly extreme in the context described previously by Whetton et al. (2015) . For comparison, a 99th percentile event would occur approximately 3.6 times per year, i.e., about an order of magnitude more frequently. We would therefore expect the anthropogenic influence on such events to be greater than less extreme events.
Further evidence for an anthropogenic role in the observed increase in the frequency of major flooding is provided by the latest IPCC report (2014) which concluded that 'Extreme precipitation events over most of the mid-latitude land masses and over wet tropical regions will very likely become more intense and more frequent by the end of this century, as global mean surface temperature increases'. More recently Dowdy et al. (2015) concluded that there is high confidence in a projected increase in the frequency of extreme rainfall throughout the eastern seaboard of Australia. These and other consistent conclusions (Reisinger et al. 2014) relate to future changes. However, we know that the world has already warmed up in response to past increases in greenhouse gases (IPCC 2013 , IPCC 2014 , as has Australia (Braganza et al. 2015) . This implies that anthropogenic climate change might already be partially responsible for the observed increase in the frequency of heavy rainfall in some-though not all-of the locations the study region (see Figure 4 ). We therefore conclude that anthropogenic climate change might have contributed to the observed increases in extreme rainfall amounts and that this might, in turn, have contributed to the increase in major flood frequency as discussed above. However, further research is needed to confirm the extent of this influence.
As noted previously (Callaghan and Power 2014) , river floods in the study region have been mitigated in some places by increasing discharge rates through dredging and removing rock outcrops etc., and by building dams to store floodwaters. This mitigation has been offset to some extent by an increase in urban runoff, caused by growth in urban areas, especially during the last 40 years. Dams have been constructed throughout the study region. For example, the Warragamba Dam on the Nepean-Hawkesbury River System was opened in 1960. The Warragamba Dam slows the release of flood waters into downstream areas. In 1961, floodwaters coming from the Warragamba River were reduced by a quarter and delayed by several hours. Other large dams in the study region in the Brisbane River System include Somerset Dam (opened in 1953) and Wivenhoe Dam (opened in 1985) . It is therefore likely that human interventions of this kind have offset the increasing trend in major flooding identified in this study to an extent. However, major floods often occur simultaneously in more than one river system and some rivers have not been dammed. As simultaneous flooding across different river systems is counted as a single event, the impact of damming on the trend in the frequency of major flooding is likely small. Moreover, contribution (5) will reduce the number of major floods over time, not increase it, and so (5) is certainly not responsible for the increasing trend in major floods we identify.
The extent to which (4), urbanisation giving rise to greater runoff, contributed to the increasing trend is unclear. Nor is it possible for us to quantify the possible contribution of (6) bushfire, (7) deforestation, (8) afforestation and (9) other landuse change in catchments to the trend in the frequency of major floods identified.
Conclusions
In summary, we have established that there is an increasing trend in the frequency of major flooding in the study region since the late 19th century. Given the importance of major flooding to the region and its growing population, additional research to further clarify the cause of the increasing trend, including the extent to which anthropogenic climate change might have contributed, is therefore a priority.
